We performed systematic laser spectroscopic investigations of La I spectral lines, using optogalvanic detection. Sixteen previously unknown even parity levels, having energies between 40,300 and 44,300 cm −1 , are reported. These levels classify altogether 67 lines, not listed in spectral tables. The new levels were found due to the observation of the depopulation of the lower levels of the excited transitions. We found a remarkable variation of the observed widths of single hyperfine structure components dependent on the energy of the upper excited levels. Some levels having energies higher than 43,000 cm −1 appear to have a very high ionization probability.
Introduction
Natural lanthanum (La) , atomic number 57, is composed of two isotopes, a long-lived radioactive isotope 138 La (natural abundance 0.09%) with a half-life of 1 were performed on natural isotope mixture, thus we could notice only the isotope 139 La, which has a magnetic dipole moment µ I = 2.7830455 (9) µ N and a small electric quadrupole moment Q = 0.20(1) × 10 −28 m 2 [4] . The hyperfine (hf) structure of La spectral lines was investigated by several authors. For an overview, we refer to our preceding papers on La [5] - [8] , in which the interest was focused on the discovery of previously unknown energy levels. During evaluation of the recoded spectral lines, we noticed a strong dependency of the line width on the energy of the upper excited level, found while fitting the observed structures.
In this work all wavelengths are given in standard air in the unit Å. Conversion to wave numbers (which are valid in vacuum) was made using the formula for the refraction index of air given by Peck and Reeder [9] . The standard uncertainties given in this paper are related to the last digit of the given value. E.g. −467(5) means −467 ± 5, 149.9(32) means 149.9 ± 3.2 and so on.
Experiment and Finding of New Energy Levels
As in the preceding works, Doppler-limited laser spectroscopy was performed in order to investigate weak La I lines, not previously reported. The spectra were recorded using optogalvanic (OG) detection, and laser-induced changes of the intensity of fluorescence lines were used to identify the involved energy levels.
We used a hollow cathode lamp as described by Guthöhrlein et al. [10] to produce free La atoms. A sketch of the see-through electrode arrangement is shown in Figure 1 .
The inner wall of the cathode was made from Lanthanum. The lamp was filled with Ar (or sometimes Ne) at a pressure of 0.2 -0.5 mbar. Applying a voltage of several hundreds V, the discharge started in Ar (or Ne, respectively). Using a power unit in constant current mode, we increased the voltage until a current of 90 mA was obtained. At the beginning we could see relatively weak discharge light of the typical color of Ar (blue-gray). After a few minutes, a sputtering process sets free more and more La atoms from the inner wall of the cathode. These La atoms take part in the discharge. Since the ionization limit of La (given as 44,981 cm −1 in ref. [11] ) is much lower than that of noble gases, the discharge current is driven more and more by La atoms. The discharge light becomes very bright and now has a fairly white color (the entire process is comparable with the well-known starting process of a low-pressure Na lamp). Simultaneously, the discharge current noise becomes very low, which makes the discharge itself an ideal detector for resonance of the laser light frequency with transition frequencies of Ar or La atoms or ions. The entire lamp was cooled with liquid nitrogen. This cooling increased the sputtering efficiency, reduced the Doppler width of the spectral lines, and reduced the current noise. The experiments described here were undertaken over a long time span (2012-2014), but we assume that the properties of the discharge were more or less always the same.
The experimental set-up is shown in Figure 2 and was described in detail in refs.
[5]- [8] . The light of a tunable dye laser passes through the hollow cathode lamp. Recorded was the change of the voltage drop on the resistor versus the change of the laser frequency. Our cw ring dye laser could be tuned continously over up to 45 GHz (1.5
). Since the investigated hollow cathode plasma emits all spectral lines by itself, for laser-induced fluorescence (LIF) detection it was necessary to distinguish between processes induced by laser light and discharge processes. This was done by modulating sistor as a function of laser frequency, we obtained the so-called OG spectra. We recorded systematically such OG spectra in the wavelength range 5600 -6100 Å for finding previously unknown lines, which could lead to new energy levels.
In case of low discharge noise, the optogalvanic detection method is very sensitive, and we observed in the mentioned range more than 1800 spectral lines, from which we could classify approximately 800 lines as transitions between already known energy le-vels (for comparison, in the MIT tables [12] there are only 97 lines of La I and La II listed between 5600 -6100 Å). More than 1000 lines could not be explained at that time, but subsequently we were able to find at least some of the missing energy levels.
Despite of the good sensitivity, the OG spectra only give information on the existence of a line, its wavelength and its hyperfine structure, but no information on the energy of the involved levels. Moreover, for elements with a high number of energy levels, such as La, the probability that two or several transitions between different pairs of combining levels that have accidentally the same transition wave number is relatively high. Thus in the OG spectra quite frequently so called blend situations are observed, where the hf compoments of different lines contribute to the observed signal.
The information about the levels involved in a transition can be obtained if laser- On the other hand, the transition excited by laser light depopulates the starting lower level of the investigated line. If now this level-in case of La I an odd level-combines with a level of the (metastable) even ground state configuration, the intensity of the corresponding strong spectral line decreases when the laser light is on. This gives a LIF signal which has opposite phase compared to the exciting laser light, and we call it "negative" fluorescence.
All levels found in the present investigation were found by detecting "negative" LIF lines. These lines marked the excited lower level and we found the energy of the new level by adding the transition wave number to the level energy. The existence of the new level was then checked by trying to excite a transition from another known lower level. If the transition could be noticed in an OG scan (for this we investigated also lines in the spectral range 6200 -6900 Å using another ring dye laser system), we had to confirm via "negative" LIF lines that really the proposed lower level is excited. Finally, the spectral position of the structure in the OG scan as well as the observed hyperfine structure must fit to the new level. From several excitations and/or the observed hf structure we derived also the magnetic dipole hf constant A of the new level. Further we assumed the electric quadrupole constant B to be zero due to the small quadrupole moment Q of the La139 nucleus. The method of finding and confirming new levels is sketched in Figure 3 .
The levels found during this investigations are listed in Table 1 , together with the . Additionally, a very high lying level is mentioned (more than 46,000 cm −1 ), whose existence is not firmly proven, but is strongly supported by our observations. In column 10 the observed "negative" fluorescence wavelengths are given which allowed us to identify the combining odd level. If in column 10 no value is given, the transition is classified based on the excitation wavelength and the observed hf pattern.
Observed Line Widths
The observed hf resolved OG spectra of the lines mentioned in Table 1 were fitted in order to determine the magnetic dipole hf constant A of the new levels. The electric quadrupole constant B was assumed to be zero. For the combining lower levels, in most cases the hf constants were known. For the fitting a program called "Fitter" was used (as in most of our preceeding works), developed at Universität der Bundeswehr Hamburg [15] . In this program, it was possible to select different shapes of the hf components of the lines: a Gaussian, a Lorentzian, and a combination of both:
where G(ν) and L(ν) are Gaussian and Lorentzian profiles of the same full width at half maximum (FWHM). During the fit procedure, ξ was treated as additional free parameter. The fit program works also in cases of blend situations, which means, several lines can be fitted simultaneously, and the relative center of gravity (cg) positions of different lines are also determined. This allows sometimes an accurate determination of the cg wave number of a transition and thus a high accuracy of the energy of a new level.
The obtained FWHM-values of transitions in which the new levels are involved are given in Table 2 . The factor ξ is expressed in % values. Not all lines in Table 1 had a signal-to-noise ratio high enough for a reliable determination of the line width. Thus we selected those lines for which a determination of the width with an uncertainty better than 10% of the FWHM was possible. The mean values in Table 2 are arithmetic means and the uncertainties are mean standard uncertainties of the mean value.
For comparison we investigated also the widths of spectral lines classified by already known even parity La I levels. These levels and the investigated transitions are given in Table 3 . Beside these levels, also low lying odd La I levels, one La II level, and two Ar I levels were treated.
The line widths determined from the hf patterns of the lines mentioned in Table 3 are listed in Table 4 . For some of the lines (La levels with low energy and both Ar lines)
we determined the plasma temperature from the observed FWHM, assuming a Gaussian line profile. This temperature is given in column 10.
Discussion
The observed width as a function of the energy of the upper level of the excited transition is shown in Figure 4 . As can be seen, the line width is increasing continously until an approximately level energy of 43,000 cm −1 (vertical line in Figure 4 ). This can be explained by an increasing tendency to collision-induced depopulation of the exciting state. Indeed, for level energies higher than 40,000 cm −1 we could not observe "positive" LIF lines, that means, the collision-induced depopulation is so strong that radiative decays are not observable. The collisions lower the life time of the energy states leading to a larger line width.
At energies higher than 43,000 cm −1 we found a number of energy levels for which the observed lines show much higher values of the FWHM, and a practically pure Lorent- a: given in ref. [17] with J = 11/2, A = 51.9(20) MHz. b: given in ref. [20] with A = 97.6(30) MHz. c: given in ref. [20] . d: given in ref. [17] with J = 13/2, A = 49 (9) MHz. e: given in ref. [17] with A = 62(9) MHz. f: given in ref. [20] with J = 11/2 and A = 99.2(30) MHz. Table 4 . Levels and spectral lines for which the width was determined for comparison. Assumed was a mixed line profile as described in the text. In colum 6 the letter B and a number is given when the investigated line is blended. For lines with the same blend number, the plasma conditions are exactly the same (e.g. lines 5936.215 and 5936.276 Å show up in blend B18). The same numbers are used in Table 2 . Figure 4 . FWHM as a function of the energy of the upper level of the excited transition. Apart from some exceptions, the FWHM increases continously until approximately 43,000 cm −1 (bold full line) but then, for some levels, a jump to much higher values is observed. The border between these two ranges is marked by a thin vertical line. Full squares: FWHM determined from new levels ( Table 2) . Triangles: FWHM determined from already known levels (Table 4) . Circles: FWHM determined from already known levels (Table 4) having energies higher than 43,000 cm zian line shape. At the first glance an interpretation as autoionizing states seems to be reliable.
The ionization limit of La I is given in ref. [11] to be 44,981 cm . On the other hand, the last even level in ref. [11] is located at 40,243 cm −1 , and between 40,910 cm −1 and the ionization limit one can find only two odd levels (44978.6 and 44978.9 cm −1
).
From laser spectroscopy, a larger amount of levels, all of them having even parity, with energies higher than 40,243 cm −1 are known. But above 43,000 cm −1 , apart from the new levels reported in Table 1 , only 7 levels at energies between 43,004 and 43,718 cm −1 are known from refs. [20] and [23] . One further level is reported to have 44,517 cm −1 [23] (see Table 3 ). The existence of these levels was checked and confirmed dur- Table 4 ).
The values are shown in Figure 4 as open circles.
We found also some exceptions of the general trend: , we found a FWHM value of only 3000(300) MHz. This shows that the treatment of the levels with very high FWHM as autoionizing states is too simple. Apparently the collision-induced probability for depopulation is dependent mainly on the electronic structure and not only on energy. A lowering of the ionization energy by electric fields is also possible. Such fields are present due to the discharge voltage, but also due to collisions of atoms with ions. This effect is known for long time, since it was shown already in 1930 in a famous spectrum of the hydrogen Balmer series in high electric fields, taken by Rausch von Traubenberg and Gebauer [26] . In this spectrum the quenching of the Stark components of each of the Balmer lines takes place at different field strengths, demonstrating the dependency of the ionization energy on the respective quantum numbers.
The measured FWHM values have some scattering, even for one upper level, as is noticeable in Table 2 (the accuracy of the FWHM-values is the same for all investigated lines belonging to the same upper level). Partly this scattering may be explained by the fact that the discharge conditions were not exactly the same for all investigated lines.
On the other hand, the variation of FWHM depending on the energy is not due to the fact of different discharge conditions, as can be seen in the following two recordings:
here, due to blend situations, we can observe in one scan the variation of the FWHM ( Figure 5 and Figure 6 ). Apart from these two examples, a large number of lines were investigated in blend situations (numbers B… in Tables 2-4) . Such lines for sure were investigated under the same discharge conditions and the same experimental arrangements, since the lines appear in one OG scan. Thus we claim that the observation of the variation of the FWHM depending on the upper level is correct.
As can be seen in Table 4 
where ν is the transition frequency, c is the velocity of light, k B is the Boltzmann constant, T is the absolute temperature and m is the atomic mass.
From this equation it follows that Δν D should be proportional to the transition wave number (which is ν/c). Nevertheless, we observed from the fit for both transitions the same FWHM of 640 MHz with uncertainties of 50 and 30 MHz, respectively. This leads to different temperatures T as is mentioned in Table 4 , not agreeing within the error limits. For comparison we have determined the plasma temperature also from two Ar I lines (last two lines of Table 4 ). Here we observe temperatures between 300(100) and 500(150)˚C.
It should be mentioned again, that the plasma burns inside a cooled cathode region.
The wall (3 mm in diameter) would have liquid nitrogen temperature (−196˚C) if no plasma is burning. The plasma has a power consumption of ca. 30 W and heats the walls to a certain temperature not measurable by us. In the center, the plasma for sure is much hotter than on the border wall. Furthermore, the plasma is not dense enough to be in local thermodynamic equilibrium but will be a non-equilibrium low pressure plasma. Additionally, it is not sure that the laser beam intersecting the hollow cathode lamp was always exactly centered. Thus only a rough estimation of the plasma temperature is possible, leading to the value of approximately 300˚C.
Conclusions
In this work, we present 16 new even La I energy levels in the energy range 40,300 to 46,100 cm −1
. These levels explain 67 spectral lines observed in OG spectra. For each of the levels, the FWHM of the single hf components were determined, leading to the result that up to ca. 43,000 cm −1 we observed a moderate increase of the width. The line shape is described by a sum of Lorentzian and Gaussian profiles with the same FWHM.
With increasing energy, the Lorentzian part increases.
For most of the new levels with energies higher than 43,000 cm −1 , the line shape is described by a pure Lorentzian function having a much higher width. Such states are very effectively depopulated by collisions leading to a very short lifetime and thus high Lorentzian width. Apparently the depopulation probability is strongly dependent on the composition of the wave function of the respective state. This observation may contribute to the theoretical description of the energy states of La I.
